The pandalid shrimp Plesionika izumiae is a relatively common shrimp in the coastal waters of Japan, except off northern Honshu and Hokkaido. This is one of the dominant species in the benthic community of Kagoshima Bay, southern Japan. The reproductive biology including, reproductive period, size at sexual maturity, embryo size and brood size of P. izumiae was studied in the bay. All females were examined for the presence of embryos attached to the pleopods and the developing embryos were classified into four stages. Ovarian development was also observed based on morphological observation. Ovigerous females occurred throughout the year with higher percentage during May to November, indicating this was the main reproductive period. Ovarian maturation was observed during the incubation process of embryos, suggesting that females were potentially capable of multiple spawning during a reproductive period. The size at sexual maturity was estimated to be 8.5 mm in carapace length based on the method using the size at which 50% of the females were ovigerous. Embryo size was independent of the body size (carapace length) of females but increased with development. There was a positive correlation between brood size and body size, while a significant reduction of embryos was observed during the course of development.
INTRODUCTION
Pandalidae is one of the most commercially important families, comprising 24 genera (Bauer, 2004) . Pandalid shrimps are widely distributed from temperate to tropical regions of both the northern and southern hemispheres and are commercially important in world fisheries (Holthuis, 1980) . Numerous studies focused mainly in the Mediterranean Sea have been conducted on the biological aspects of pandalid shrimps, including composition of shelf and bathyal decapod communities (Koukouras et al., 1998; Ungaro et al., 1999; Abelló et al., 2002; D'Onghia et al., 2003) , bathymetric distributions (Mura and Cau, 1994; Maynou et al., 1996; Carbonell and Abelló, 1998; Campisi et al., 1998) , feeding patterns (Cartes, 1993a, b; Cartes et al., 1993) , reproduction (Thessalou-Legaki, 1992; Company and Sardà, 1997) and growth (Company and Sardà, 2000) . Several studies have also been reported from the northeastern Atlantic Ocean (Crosnier and Forest, 1973; d'Udekem d'Acoz, 1999) and Indo-West Pacific and eastern Pacific Oceans (Crosnier and Forest, 1973; Holthuis, 1980; Lagardère, 1981; King and Butler, 1985; Martins and Hargreaves, 1991) .
In Japanese waters, several studies have been conducted on the biology of pandalid shrimps. Most of these studies were on northern temperate species, e.g., life history of Pandalus nipponensis Yokoya, 1933 (cf. Tamura, 1950  reproduction, growth and feeding ecology of P. hypsinotus Brandt, 1851 (cf. Kurata, 1957 ; growth and sexual phases of P. latirostris Rathbun, 1902 [as P. kessleri] (cf. Mizushima and Omi, 1982) ; reproductive cycle and growth of P. borealis Krøyer, 1838 (cf. Nakame, 1991 ; population structure and seasonal growth of P. latirostris (cf. Chiba and Goshima, 2003) ; breeding of Pandalopsis coccinata Urita, 1941 (cf. Abe, 1965 and distribution and life history of P. japonica Balss, 1914 (cf. Ito, 1978 .
However, only a few studies have been conducted on temperate-tropical species from central and southern parts of Japan, e.g., taxonomy and some notes on the biology of Plesionika izumiae Omori, 1971 in Suruga Bay (Omori, 1971) ; morphological characters (Ohtomi and Hayashi, 1995) , reproductive biology and growth (Ohtomi, 1997) , and the distribution and population structure (Nakahata et al., 2008) of P. semilaevis Bate, 1888 in Kagoshima Bay.
Plesionika izumiae is distributed along the southern coast of Japan (Omori, 1971) , southern coast of South Korea (Cha et al., 2001) , East China Sea (Jiang et al., 1985; Wang, 1987; Liu and Zhonh, 1994) , northern South China Sea (Li and Komai, 2003) , Philippines (Chace, 1985) , Australia (Li and Davie, 2006) and Yellow Sea (Li, 2007) . This shrimp is relatively common in the coastal waters of Japan, except off northern Honshu and Hokkaido and is commercially important as a target species of the smallscale bottom seine fishery (Hayashi and Koike, 1976) . JOURNAL OF CRUSTACEAN BIOLOGY, 31(3): 441-449, 2011 Omori (1971) reported that the distribution of P. izumiae is restricted to the shallow coastal waters, ranging from 32 to 80 m water depths. However, Li (2006) reported the occurrence of this shrimp in the South China Sea at water depths reaching 300 m. Moreover, this species also inhabits the deeper water in Kagoshima Bay, southern Japan, where water depths reach over 230 m. This shrimp is one of the dominant species in the benthic community of this bay .
The taxonomy and some notes on the biology of P. izumiae have been reported by Omori (1971) . However, detailed studies on the reproductive aspects of this species from any geographical regions where it is distributed are lacking so far. Consequently, the lack of information and adequate knowledge on the biology of this species remains an obstacle for the definition of proper management strategies for this important shrimp fishery. The present study describes the reproductive biology of P. izumiae, including reproductive period, size at sexual maturity, embryo size and brood size.
MATERIALS AND METHODS

Shrimp Sampling and Measurement
The present study was conducted in Kagoshima Bay, located at the southernmost part of the Kyushu region, Japan (Fig. 1) . This bay consists of two basins connected by a shallow channel and opening out to the Pacific in the south. Monthly samples of P. izumiae were collected from the channel area of the northern basin at depths ranging from 122 to 136 m during February 2007 to January 2010. Sampling was conducted on board the Nansei-Maru (175 t), a training vessel of the Faculty of Fisheries, Kagoshima University, using a simple trawl net carrying canvas kites on the tip of the wings (Ohtomi et al., 2004) . The dimensions of the net were 23.5 m long, 37.9 mm and 20.2 mm mesh size at the net body and cod end respectively. The net was towed for 10 minutes at 2 knots. Samples were sorted out and chilled immediately in ice on board, and later transferred to the laboratory and fixed with 10% formalin.
The specimens were sexed by morphological examination under a binocular microscope (Leica, MZ12) based on the presence (male) or absence (female) of the appendix masculina on the second pleopod and the shape of the endopod of the first pleopods (Zariquiey Alvarez, 1968; King and Moffitt, 1984) . Individual carapace length (CL), defined as the shortest distance between the posterior margin of the orbit and the mid-dorsal posterior edge of the carapace, was measured using a digital slide caliper (Mitutoyo, CD-15PS) to the nearest 0.01 mm. Only female specimens were used in the present study.
Reproductive Period
In order to estimate the reproductive period, all females collected were observed for the presence of embryos (external embryos) attached to the pleopods. In case of ovigerous females, embryos were classified into the following four developmental stages by morphological examination according to Ohtomi (1997) using a binocular microscope (Leica, MZ12): stage I; yolk fills most of the embryo volume, stage II; appearance of ventral cleft, stage III; appearance of pigmented eyespots in the embryo, and stage IV; eyespots fully pigmented and segmentation completed. The first two stages were considered to be non-eyed stages and latter two to be eyed stages. Stage-I and stage-IV embryos referred to spawning period and hatching period respectively.
Ovarian maturation of all ovigerous females was examined by visual observation based on the color and size of the gonads. The mature ovary was dark yellow in color, visibly extending anteriorly to the orbital margin and occupying most of the dorsal part of the cephalothorax.
Size at Sexual Maturity
The percentage of ovigerous females for each 1 mm CL class was examined using the samples collected during the main reproductive period. Size at sexual maturity (CL m ) (the carapace length at which 50% of females are ovigerous) was determined from the relationship between the percentage of ovigerous females and the CL class. The percentage of ovigerous females (P) by CL class was fitted to a logistic equation described by King (1995) :
where r is the slope of the curve and CL M is the median of each size class. In this case, the percentage of ovigerous females even in the largest CL class was less than a hundred. Therefore, the data was adjusted to avoid an unreasonably high estimation of CL m , according to the method established by King (1995) .
Embryo Size
Embryo sizes were measured using a total of 15 ovigerous females for each developmental stage of embryos. For each individual, 30 embryos were randomly selected and the major (length) and minor axes (width) were measured under a binocular microscope (Leica, MZ12) with a calibrated ocular micrometer. The mean embryo length and width were calculated for each individual. Finally, mean embryo sizes (length and width) were calculated for each developmental stage using these values. Embryo volume (v, mm 3 ) was calculated for each developmental stage by the following formula (Turner and Lawrence, 1979) :
where d 1 is the minor axis (mm) and d 2 is the major axis (mm).
Brood Size
The total number of embryos attached to the pleopods was counted in females of various sizes. Embryos were carefully separated from the pleopods using a fine forceps and any remaining setal material or extraneous matter was removed. The numbers of embryos carried by each female were counted directly under a binocular microscope (Leica, MZ12). The relationship between brood size and female size was expressed by log-transformed number of embryos on log-transformed CL. The possibility of embryo loss during the incubation process was also examined by comparing the variation in brood size with female size (CL, mm) between non-eyed (stages I and II) and eyed-stage (stages III and IV) embryos.
Statistical Analysis
The size at sexual maturity was estimated by nonlinear regression analysis using a logistic function based on the least-squares method. The relationship between CL and embryo sizes was determined using Spearman's rank correlation analysis. The differences in embryo sizes and embryo volume among all developmental stages of embryos were tested using Kruskal-Wallis test followed by post hoc Steel-Dwass test (Neuhäuser and Bretz, 2001 ).
Correlation analysis was applied to analyze the relationship between brood size and CL. In order to estimate the possible embryo loss, comparison of regression lines of log-transformed number of embryos on log-transformed carapace length between the noneyed (stages I and II) and eyed stage (stages III and IV) embryos was made. The comparison between two regression lines was carried out using analysis of covariance (ANCOVA) (Zar, 1996) .
RESULTS
Reproductive Period
Ovigerous females of P. izumiae occurred throughout the year (Fig. 2) . From December to April, lower percentages (, 34%) of ovigerous females were observed, whereas during May to November the percentages of ovigerous females were higher (68 to 90%). The monthly changes in the numbers of ovigerous females with different developmental stage of embryos per haul are shown in Fig. 3 . Ovigerous females with early (stage I) and late stage (stage IV) embryos occurred throughout the year. However, females with recently-extruded embryos (Stage I) per haul were higher during July to September. The percentages of ovigerous females with mature ovaries at each development stage of embryos in each month are shown in Table 1 . Ovigerous females with mature ovaries occurred throughout the year. However, no ovigerous female with stage-I embryo had mature ovaries, whereas, all ovigerous females with eyed embryos (stages III and IV) and more than half of ovigerous females with stage-II embryos had mature ovaries.
Size at Sexual Maturity A total of 1716 females of P. izumiae collected during the main reproductive period, from May to November, were used in the analysis. The size of ovigerous females ranged from 6.9 to 14.7 mm CL. The relationship between CL and the percentage of ovigerous females was expressed by a logistic function: The estimated size at 50% sexual maturity of this species was 8.5 mm CL (Fig. 4) .
Embryo Size
The Table 2 . Embryo size both in length and width increased with embryonic development, which was irrespective to the female size. The mean embryo size was 0.51 3 0.45 mm just after spawning (stage I) and 0.68 3 0.51 mm just before hatching (stage IV). Similarly, the mean embryo volume increased with embryonic development. The embryo volume remained almost the same between stage I and stage II, but started to increase greatly as the eyes of embryos appeared (stage 3). The increment of embryo volume from stage I to stage IV was 78.9%. Kruskal-Wallis test followed by post hoc Steel-Dwass test (Neuhäuser and Bretz, 2001 ) revealed significant differences among all developmental stages in embryo length (P , 0.05) and in embryo width between stages I and IV (P , 0.05), II and IV (P , 0.05) and III and IV (P , 0.05). In the case of mean embryo volume, all stages were significantly different (P , 0.05) except stage I versus II (P . 0.05).
Brood Size
The number of embryos attached to the pleopods of ovigerous females with sizes between 7.4 to 14.7 mm CL ranged from 479 to 4405 (479-4405 for non-eyed stages, 713-3718 for eyed stages). There was a significant positive correlation between brood size and CL for both non-eyed (stages I and II) (r 5 0.799, P , 0.001) and eyed stages (stages III and IV) (r 5 0.807, P , 0.001) (Fig. 5) . The relationship between CL and the number of embryos attached to the pleopods (NE) was expressed as: In order to examine the possibility of embryo loss during embryonic development, the slopes and intercepts of the two regression lines of non-eyed and eyed stage embryos were compared by analysis of covariance (ANCOVA) (Zar, 1996) . The results indicated that the slopes of the regressions were not significantly different between the two stages (P 5 0.993), but there was a significant difference in the intercepts (P , 0.05). These results suggest that embryo loss occurred during the course of development. Embryo loss (EL, %) was estimated by the following equation (Oh and Hartnoll, 1999) : EL~100 1{ exp a e {a n ð Þ f g Fig. 4 . The percentage of ovigerous females of Plesionika izumiae in each carapace length class calculated during the main reproductive period (May-November). where a e is the intercept of eyed stage and a n is the intercept of non-eyed stage embryos. Embryo loss from non-eyed stage to eyed stage was estimated to be 13%.
DISCUSSION
In the present study on the reproductive biology of the pandalid shrimp P. izumiae in Kagoshima Bay, ovigerous females were found to be present throughout the year with a higher predominance during May to November, indicating this to be the main reproductive period. The occurrence of early (stage I) and late stage (stage IV) embryos imply that spawning and hatching of this species take place throughout the year. However, the occurrence of ovigerous females with stage-I embryo was higher during July to September, suggesting this to be their main spawning season. A similar reproductive pattern has been reported by Omori (1971) of this shrimp in Suruga Bay (depth ranging from 32-80 m).
He stated that the reproduction of P. izumiae frequently occurred in late spring and summer when the water temperatures increased. There are certainly a variety of proximate and ultimate factors, e.g., water temperature, water depth and availability of larval food, which might influence the reproductive period of marine benthic invertebrates. Several studies on reproduction of caridean shrimps indicated that water temperature is an important factor operating on spawning (Kikuchi, 1962; Allen, 1966; Bauer, 1992) . Bauer (1992) reported that, for neritic (shallow-water) species, that breeding periods of caridean shrimps inhabiting temperate waters will be shorter than those inhabiting subtropical and tropical regions. In tropical waters the reproductive period is extended and year round, because of relatively stable and high temperature (Orton, 1920) .
On the other hand, several authors (George and Menzies, 1967; Tyler, 1986; Harrison, 1988; Gage and Tyler, 1991; Bishop and Shalla, 1994) indicated that an extended reproductive period seems to be a typical feature of deep water species. Reproductive patterns should not only be determined by a proximate factor such as temperature, but the availability of food should also be considered (Kim and Hong, 2004) . A variety of studies and reviews addressed the food availability for planktonic larvae as the ultimate factor for selecting seasonality in reproduction (Thorson, 1950; Giese, 1959; Giese and Pearse, 1974; Sastry, 1983; Bauer, 1989 Bauer, , 1992 . In this case, sinking organic matter originating from surface primary production has to be considered (Gage and Tyler, 1991) . Several authors (Bishop and Shalla, 1994; Starr et al., 1994) observed a relationship between phytodetrital deposition and larval release. However, the bottom water temperature at the sampling site of Kagoshima Bay was relatively stable at around 16uC (Hossain and Ohtomi, 2008) and phytoplankton was predominant (Kobari et al., 2002 ) throughout the year. Therefore, the reproductive pattern of P. izumiae might be influenced by water temperature and availability of larval food. Bauer (1989) reported that continuous reproduction throughout the year might be a life history adaptation for short life span species. The longevity of P. izumiae was estimated to be about 1.5 years by growth analysis based on length-frequency method (Ahamed and Ohtomi, unpublished) , while most of the pandalid shrimps typically live for 3-7 years (Robert and Jamieson, 2001 ). Consequently, this life history strategy may be an adaptation in P. izumiae, which has a relatively short life span within the family Pandalidae.
In the present study, females incubating early stage embryos had no mature ovaries, while all females carrying embryos near hatching had mature ovaries. These results suggest that once P. izumiae reaches sexual maturity it produces embryos continuously during the reproductive period. This reproductive pattern has been illustrated for several temperate and tropical decapod crustaceans (Giese, 1959; Pillay and Nair, 1971; Choy, 1988; Bauer, 1989; Ohtomi, 1997; Oh, 1999) .
The size at sexual maturity is of special importance in fisheries management and is widely used as an indicator for minimum permissible capture size (Lucifora et al., 1999) . In the present study, the minimum size of ovigerous females of P. izumiae was found to be 6.9 mm CL based on large number of specimens collected in the main reproductive period (May to November). On the other hand, Omori (1971) reported the size at sexual maturity of this species as 4.7 mm CL based on minimum size of ovigerous females from Suruga Bay. The percentage of ovigerous females increased with growth and reached 50% at a CL value of 8.5 mm, suggesting the size at sexual maturity of P. izumiae in Kagoshima Bay. The size at sexual maturity varies from one habitat to another and this might be due to the diverse climatic and trophic parameters that characterize various areas (Sinovcic and Zorica, 2006) . The characteristics of Suruga Bay and Kagoshima Bay are different. Suruga Bay is a shallow water body (maximum water depth 80 m), where bottom water temperature varies from 14-25uC (Shimada et al., 1995) . On the other hand, Kagoshima Bay is a deep water body (maximum water depths 230 m) having bottom water temperature relatively stable at 16uC throughout the year (Hossain and Ohtomi, 2008) . Therefore, the variation in minimum size of sexual maturity of this species between the bays may be attributed to environmental factors, particularly water temperature.
Embryo size is an important life history characteristic of any species. The embryo size of aquatic invertebrates varies extensively even between quite closely related species (Thorson, 1950; Mauchline, 1988; McEdward, 1991; Clarke, 1993a) . In the present study, embryo sizes were independent of female body size at all developmental stages. However, embryo size both in length and width increased with development. The mean embryo sizes just after spawning and just before hatching were 0.51 3 0.45 mm and 0.68 3 0.51 mm respectively. Omori (1971) also observed a similar trend of increasing embryo size with development in P. izumiae. He reported the mean embryo size to be 0.48 3 0.41 mm just after spawning and 0.68 3 0.50 mm just before hatching, which were similar to our results even though there was slight difference in embryo size just after spawning. In the present study, a significant increase in embryo volume was also noted during the incubation period. However, this increase in embryo volume during incubation period is a general phenomenon in decapods (Clarke et al., 1990; Pandian, 1994; Biesiot and Perry, 1995; Lardies and Wehrtmann, 1996; Wehrtmann and Graeve, 1998; Wehrtmann and Kattner, 1998) . Several studies (Pandian, 1970; Clarke, 1993b; Biesot and Perry, 1995; Lardies and Wehrtmann, 1996; Wehrtmann and Kattner, 1998) reported that this increment is due to increase water content in the embryo and changes in biochemical composition during embryonic development.
The number of embryos of P. izumiae ranged from 479 to 4405. The regression between brood size and female size (CL) indicated an isometric relationship, since the slopes of the regressions were near to the theoretical slope value 3 (3.22 for both non-eyed and eyed stage) (Jensen, 1958; Gould, 1966) . This isometric relationship is a general pattern among decapod species, even though there are some exceptions (Hines, 1982; Bauer, 1991; Corey and Reid, 1991) . Brood sizes in some species of Plesionika are summarized in Table 3 . In contrast to other species, P. izumiae was the smallest in body size and had the lowest number of embryos.
Significant embryo loss during the incubation process was observed in P. izumiae. Similar observations have been reported on several pandalid species (Kurata, 1957; Ito, 1976; Ohtomi, 1997) . Embryo loss during incubation in caridean shrimps is a common phenomenon and could occur due to various biological and physical factors such as parasites and micropredators, mechanical stress and increase of embryo volume during the course of embryonic development (Balasundaram and Pandian, 1982; Kuris, 1991; Oh and Hartnoll, 1999; Hernáez et al., 2010) . The available space to carry embryos beneath the pleon constrains embryo production in decapod crustaceans (Core and Reid, 1991; Oh and Hartnoll, 1999) . Since embryo sizes increase during incubation, the available space is generally filled on laying and some embryos are certainly lost (Oh et al., 2003) . According to Reeve (1969) and Balasundaram and Pandian (1982) other biological factors, such as parasites and micropredators, do not to occur often in caridean shrimps. However, in the present study, parasites and micropredators were not observed; therefore the increase in embryo volume during the incubation process appears to be the major cause of embryo loss in P. izumiae.
In conclusion, this is the first comprehensive study on reproductive biology of P. izumiae in Kagoshima Bay as well as in any other geographical location where this species is distributed. Ovarian maturation with embryonic development showed that this species is evidently a consecutive breeder capable of producing successive broods after reaching maturity, i.e., after spawning the first time. However, the frequency of spawning of individual females could not be concluded. Therefore, further detailed studies on spawning frequency and some other biological aspects, i.e., growth and stock abundance are still necessary for the future management of this species. 
